The purpose of the present study was to investigate the postnatal development of lower esophageal spincter (LES) competence in the beagle and to determine the role of gastrin in LES functional ontogeny. Eleven beagle puppies taken from two litters were studied. All puppies were allowed to suckle during the first 3 postnatal wk. In the 4th wk, all puppies were weaned, and by the 5th wk only solid chow was offered. Intraluminal manometric pressure determinations were obtained in unanesthetized, unsedated puppies using twin-lumen, 1.7 mm OD, 1 mm ID polyvinyl catheters. A 12-15 min baseline period of intraluminal pressure was monitored, after which the puppies received successive doses of 0.03, 0.1, 1.0, and 8.0 pg/kg pentagastrin (PC) SC spaced at 45-min intervals.
Summary
The purpose of the present study was to investigate the postnatal development of lower esophageal spincter (LES) competence in the beagle and to determine the role of gastrin in LES functional ontogeny. Eleven beagle puppies taken from two litters were studied. All puppies were allowed to suckle during the first 3 postnatal wk. In the 4th wk, all puppies were weaned, and by the 5th wk only solid chow was offered. Intraluminal manometric pressure determinations were obtained in unanesthetized, unsedated puppies using twin-lumen, 1.7 mm OD, 1 mm ID polyvinyl catheters. A 12-15 min baseline period of intraluminal pressure was monitored, after which the puppies received successive doses of 0.03, 0.1, 1.0, and 8.0 pg/kg pentagastrin (PC) SC spaced at 45-min intervals.
Progressive increases in LES pressure both during basal periods and during gastric contractions and in gastric fundus (GF) pressures during gastric contractions occurred during the 1st 5 weeks of life. An increase in pressure gradient between the LES and GF during gastric contraction occurred from birth through 5 wk of age. There was no response to 0.1-8.0 pg/kg PG until postnatal days 5-6 when the LES pressure gradient in the basal state increased in response to each of these doses. There was also no significant response by the LES to PG during gastric contraction until days 11-12 when all doses of PG evoked enhancement of LES pressure.
These studies suggest that an increase in LES-GF intraluminal pressure gradient develops during the initial 2 postnatal wk in this species and that this development does not involve the hormone gastrin. Later, however, the pressure gradient may depend upon both age and gastrin since a two-way analysis of variance indicated that nit only is LES pressure affected bypostnatal age and by PG dose. but that there is an interaction between ~ostnatal age and PG dose which is significant. By the fifth wk, there was an apparent dose-response effect in which the lower two doses produced increased LES pressure and the larger two doses produced decreased LES pressures.
Speculation
Gastroesophageal reflux (GER) in some infants may occur when the developmental interplay between endogenous gastrin concentration, increasing sensitivity to gastrin by LES, and sensitivity to gastrin by the muscular stomach proceeds abnormally. Alternatively, either the postnatal increase in LES muscle mass or the maturation of a neural pathway that mediates reflex contraction of the LES during gastric contraction, or both, may be delayed or abnormal in some children with GER. A fourth possible abnormality that may permit GER in still other infants is failure to generate the increasing gastric contraction rate and intraluminal pressures observed to occur in normal development, thus permitting delayed gastric emptying.
Functional incompetence of the lower esophageal sphincter (LES) that results in gastroesophageal reflux (GER) is a common problem in infants (6, 15, 20, 23, 24, 28, 29) . Healthy term and preterm newborn infants normally regurgitate feedings for several days to several wk after birth, but by two months of age this usually subsides (16) . A small % of all infants without hiatal hernia exhibit symptoms of GER which persist abnormally into later infancy, often necessitating treatment. These events suggest that a maturation of LES function normally occurs in a pattern that accomplishes sphincter competence shortly after 40 wk postconceptual age in human infants. The specific mechanisms that underlie LES maturation in the postnatal period, however, are poorly delineated.
Cohen (5) studied the LES-gastric fundus (GF) intraluminal pressure gradient in the opposum, a species that is markedly underdeveloped at birth, at intervals from day 35 to maturity. He found a progressive rise in the pressure gradient from 4.3 to 28.0 mm Hg. In strips of LES muscle taken from these animals he demonstrated a parallel increase in responsiveness in vitro to gastrin I per mass of muscle as well as an increase in muscle mass with age. Muscle responsiveness to other stimuli, corrected for muscle weight, did not change with the postnatal age. Thus, Cohen concluded that the lower LES intraluminal pressure gradient in the younger animals was associated with a smaller LES muscle mass and a reduced responsiveness to gastrin.
In a previously reported investigation we examined the postnatal d&elopment of gastric motility and G F intralurninal pressures in unsedated, unanesthetized term newborn beagle dogs from the day of birth through weaning at 5 wk (22) . Gastric contraction rate and intraluminal pressure increased from birth until the ninth postnatal day. After day 9, the rate remained fairly constant, but intraluminal pressure continued to increase. Neither rate nor pressure was altered by pentagastrin administration during the first 9 days after birth. After day 9, both rate and intraluminal pressure decreased after 8 &kg pentagastrin administration. In addition, pentagastrin administration failed to evoke an acid secretory response until the 9th postnatal day. Thus, in the canine stomach, gastric intraluminal pressure increased with postnatal age, but early postnatal gastric function appeared to be insensitive to gastrin.
The purpose of the present study was to investigate the postnatal development of LES competence in the beagle and to determine the role of gastrin in LES functional ontogeny.
MATERIALS AND METHODS
Eleven beagle puppies taken from two litters (Laboratory Research Enterprises, Kalamazoo, MI) were studied. The mean (f S.E.) weights of the puppies were 3 12 f 22 g at birth and 1322 f 100 g at 5 wk. All puppies were allowed to suckle during the first 3 postnatal wk. In the 4th wk, all puppies were weaned and by the 5th wk only solid chow (Purina Lab Canine Diet 5006, Richmond, IN) was offered.
Intraluminal manometric pressure determinations were obtained in unanesthetized, unsedated puppies using twin-lumen 1.7 mm OD, 1 mm ID polyvinyl catheters (Bard-Parker, Rutherford, NJ) (22) . The catheters were 38 cm long; each had a single 1 mmdiameter side opening which in the catheter bundle were located 2 cm apart. Catheters were inserted orogastrically with the catheter openGgs oriented laterally to assure that successive measurements were obtained from a constant location within the LES to avoid the effect of radial asymmetry if present in the neonatal canine LES (8) . Catheters were perfused with distilled water by a Haward Infusion Pump (model 93 1, Harvard Apparatus, Millis, MA) at a constant infusion rate of 0.5 1 ml/min. Pressure transducers (model P23ID, Gould Statham Instruments, Inc. Hato Rey, PR) were interposed in the system. A permanent recording of LES and gastric fundus (GF) pressures was made by a Statham recorder (Model SP2000B) with a chart speed of 1 rnrn/sec. Atmospheric pressure was designated as zero pressure. The response rate of the instrumentation was 40 mm Hg/sec, a response rate that is sufficiently rapid to record with fidelity the relatively slow neonatal canine stomach and LES intraluminal pressure changes (8) .
The position of the LES was determined by 2-3 slow continuous pull-through maneuvers. The proximal opening of the catheter ;hen was positioned and held stationary in the LES as the position of maximum pressure; the distal opening was positioned in the fundus of the stomach.
All puppies were studied on an alternate day protocol for the first 14 postnatal days and again at the end of the third, fourth, and fifth wk. Puppies were removed from the mother 2-4 h before study. After this fasting period, gastric contents were aspirated, the stomach was rinsed with distilled water, and the twin-lumen catheter was introduced. A 12-15 min baseline period of intraluminal pressure was monitored, after which the puppies received succcessive doses of 0.03,O. I, 1 .O, and 8.0 pg/kg pentagastrin (PG) SC (Ayerst Laboratories, NY) spaced at 45-min intervals. After administration of each dose, intraluminal pressures were monitored for 15 min. The stomach was aspirated intermittently to remove the perfused water.
Recordings of intraluminal pressures in the LES and G F were made during both basal and contracting states of the stomach. For each puppy, the basal LES and G F intraluminal pressure values were obtained by averaging respectively the intraluminal pressures at 5-sec intervals during a 1-min period in which no contraction of the LES or G F occurred. Contraction pressures for each puppy were obtained by averaging respectively the peak values recorded during at least three consecutive contractions of the GF. Responses to PG were evaluated similarly during a monitoring period of 5-10 min after administration of each dose of PG. No attempt was made to measure the length of the LES at various postnatal ages.
Standard parametric statistical tests were used (25) . Two-way analysis of variance was employed to test the significance of the effects of increasing postnatal age and PG dose on LES pressures. One-way analysis of variance and the Student-Newman-Keuls tests were employed to determine the earliest postnatal age at which each dose of pentagastrin exerted an effect on LES pressure.
RESULTS
The postnatal development of LES and G F intraluminal pressures in beagle puppies during basal periods and during gastric contractions is illustrated in Figure 1 . Progressive increases in LES pressure both during basal periods and during gastric contractions and in G F pressures during gastric contractions occurred during the first 5 wk of life ( P < 0.001). Basal G F pressure was stable for the first 4 days of life, increased on days 5-6, and remained stable at the higher level for the remainder of the postnatal period investigated.
The pressure gradient between the LES and G F during gastric contractions is shown in Figure 2 . An increase in pressure gradient occurred from birth through 5 wk of age ( P < 0.00001). On days f x * SEM Postnatal Age, days When the stomach was not contracting (basal state), there was no significant change in LES pressure response to the administration of PG at 0.03 pg/kg. There was no response to 0.1-8.0 pg/kg PG until postnatal days 5-6 when the LES pressure gradient in the basal state increased by 0.1-1.5 mm Hg in response to these doses ( P < 0.05). There was also no significant response by the LES to PG during gastric contraction until days 11-12 when all doses of PG evoked enhancement of LES pressure ( P < 0.05; ( Table 1) .
The two-way analysis of variance of LES pressure data during gastric contraction indicated that not only was LES pressure affected by postnatal age and by PG dose, but that there was an interaction between postnatal age and PG dose, which was significant (P < 0.001; Table 1 ). This interaction may be visualized in Figure 3 , which illustrates the % change in LES pressure during gastric contraction produced by administration of the four doses of PG at selected postnatal intervals. Beginning on days 11-12, all PG doses evoked significant increases in LES pressure. Later, in the fifth wk, the enhancement of LES pressure evoked by 0.03 and 0.1 pg/kg increased, but the larger two doses, 1.0 and 8.0 pg/ kg, became inhibitory, decreasing the LES pressure during gastric contraction. By the fifth wk, there was an apparent dose-response effect in which the lowest dose produced the greatest increase in LES pressure, and the largest dose produced the greatest decrease in LES pressure. 
DISCUSSION
Aspects of the postnatal ontogeny of LES function have been studied by others in human infants as well as in experimental animals. It is important in reviewing those studies and in considering the present study to distinguish whether LES intraluminal pressure was monitored between swallows, during swallowing, in the absence of gastric contractions, or during gastric contractions, as well as to distinguish between LES intraluminal pressure and LES-GF intraluminal pressure gradient.
Strawczynski and co-workers (29) studied normal infants at ages 1-2 wk and 3-6 wk with a manometric technique. They found that the LES-GF intraluminal pressure gradient that was present when the infant was not swallowing was low for the first 2 wk of life, increased during 2 4 wk, and was not different from adult values in 1-month old infants. Older infants who regurgitated had LES-GF intraluminal pressure gradients similar to those found in 1-2-wk-old infants. Gryboski et al. (14) observed that the LES-GF intraluminal pressure gradient in the absence of swallowing and gastric contractions in neonates was essentially absent for 6 days and then began to increase after the sixth day of life. Preterm neonates between 3-7 days postnatal age generated LES-GF intraluminal pressure gradients similar to those of term infants between 1-12 h old (13) . Boix-Ochoa and Canals (4) performed esophageal and gastric manometry in preterm and term infants and observed intraluminal pressure increases in both regions with increasing postnatal age. They concluded that an effective antireflux pressure barrier was developed by 5-7 wk after birth. Cohen's (5) studies in the opossum cited above also measured the development of the LES-GF intraluminal pressure gradient in the absence of gastric contractions in anesthetized animals.
The present investigations reveal that the LES of the term newborn beagle puppy generates an increasing intraluminal pressure gradient relevant to the gastric fundus both in the absence of gastric contractions as well as during gastric contractions. In this regard, our results in the unsedated, unanesthetized dog agree with those of Cohen in the anesthetized opossum; in both species, there is an increase in LES intraluminal pressure gradient in the absence of contractions with postnatal age. Moreover, in dogs during the 5 wk after birth, the LES-GF pressure gradient during gastric contractions increases also.
In a previously published study, we described the increase in intragastric pressure during contractions which occur in beagle dogs during the same postnatal period (22) . The contraction rate of the stomach also increased during the first 11 postnatal days. Despite the increasing gastric contraction rate and intraluminal pressures that occur during the first wks of postnatal life, we observed in the present study no gastric contraction that was unassociated with a simultaneous elevation in LES intraluminal pressure that was greater than the intragastric pressure. Thus, the The %change in lower esophageal sphincter (LES) intraluminal pressure during gastric contractions that is produced by graded doses of pentagastrin (PG) at different postnatal ages during the first 5 postnatal wk in beagle puppies. These bars graphically represent the interaction of the effects of postnatal age and PG dose on LES pressure which was evaluated statistically by two-way analysis of variance (see "Table 1"). With increasing postnatal age there is increasing LES sensitivity to PG; with increasing postnatal age the smallest dose, 0.01 &kg subcutaneously produces increasing enhancement of LES pressure, whereas the larger doses enhance LES pressure initially to a greater degree than the smallest dose, but subsequently produce decreases in LES pressure.
LES functions consistently and competently to prevent reflux in newborn dogs immediately after birth.
The LES was, however, unresponsive during gastric contraction to administered pentagastrin until the middle of the second postnatal wk. This delay &responsiveness to pentagastrin is simdar to two observations made previously in the stomach: both the gastric contraction rate and thk intra&tric pH were unaffected Gy PG administration until the middle of the second wk when PG administration in pharmacologic doses evoked a decrease in contraction rate and pH (22) . Moreover, endogenous serum gastrin concentrations increased in newborn beagles until the middle of the second postnatal wk when values several times adult concentrations were reached (22) . Thereafter, serum gastrin concentrations in the puppies decreased. Taken together, these observations support the hypothesis that in this species the LES, as well as the muscular stomach and oxyntic gland, are unresponsive to endogenous gastrin or its administered analogue until the 9-11th day after birth. Thus, the increase in the LES-GF intraluminal pressure gradient that develops during the initial two postnatal weeks is not directly due to gastrin. Consistent with this interpretation of our results in dogs is the lack of correlation between LES intraluminal pressures and serum or plasma gastrin concentrations in human infants. Circulating gastrin levels are greater at birth and in the immediate newborn period than normal adult fasting values and decline as body surface area increases (10, 18, 27, 31) ; concurrently, LES intraluminal pressure rises (4, 13, 14, 29) . The continued increase in pressure gradient after 2 wk in the dog, however, may involve the hormone gastrin as has been postulated by Cohen for the opossum.
Whether the apparent insensitivity to the hormone at these target locations in the dog is a manifestation of reduced hormone receptor number or affmity or of some other factor such as a biologically less active form of hormone or the presence of blocking substances is unknown. The neonatal rat gastric mucosa is also insensitive to gastrin during the preweaning period, and this has been found to be caused by absence of the receptors for the hormone (30) . In the rat, mucosal gastrin receptors appear at the normal time for weaning, even if weaning to solid chow is artificially delayed. In fact, the appearance of mucosal gastrin receptors in the rat, like many other changes in rat gastrointestinal function, appears to be mediated by adrenal corticosteroids (26) . Whether gastrin receptors in neonatal canine LES, gastric muscle, and oxyntic gland are induced by corticosteroids is unknown, but such an-hypothesis may be drawn from the rodent studies to account for these observations in the beagle.
Elucidation of the physiologic events that underlie LES maturation and functional competence during gastric contractions is of interest to physicians who care for infants and children. Not only has the incidence of GER in infants (1:500 livebirths) been found to be greater than previously estimated (15) , the list of clinical sequelae of reflux has expanded to include not only vomiting, failure to thrive, esophagitis and stricture formation, but also recurrent pneumonia, chronic asthma, near-miss sudden infant death, apnea, a condition that mimics bronchopulrnonary dysplasia, and other manifestations (3, 15, 16) .
In adult animals it has been shown that resting LES pressure is due to an inherent myogenic tone (11) . Because muscle mass increases with age, it is likely that the increase in intraluminal pressure is due to muscle mass. On the other hand, the increase in the LES-GF intraluminal pressure gradient during gastric contractions may be due to an enhanced responsiveness of the muscle to various neural inputs. Reflex contraction of the LES occurs with abdominal compression or in association with contractions of the stomach (7, 9, 21) . There is evidence that the increase in LES intraluminal pressure during gastric contraction is mediated by a neural reflex which involves a cholinergic component (1, 21) . The increase in intraluminal pressure seen in our study, especially the increase in pressure gradient during gastric contractions, could be due to the development of this reflex neural pathway. This is only one possibility of many, however, because the lower esophageal sphincter is sensitive to many neurotransmitters and hormones (12) . From the foregoing discussion two possible mechanisms that might produce symptomatic GER may be postulated: delayed or poor increase in muscle mass of the LES and delayed maturation of the neural reflex.
Prolonged monitoring of the esophageal pH, 3 cm proximal to the gastroesophageal junction in 14 asymptomatic term and preterm infants at postnatal ages less than 8 wk, has indicated that some reflux was present in all, in a pattern not different from that observed in normal older children (16) . A significantly more severe GER pattern was observed in 14 infants who were symptomatic with respiratory stress and apnea (16) . These clinical observations suggest that GER is not an all-or-none phenomenon, but that GER becomes symptomatic when it is abnormally frequent or prolonged. Moreover, LES pressure is not consistently decreased in infants with gastroesophageal reflux (2) . Recent clinical investigations suggest that delayed gastric emptying, rather than abnormally low LES intraluminal pressure, may be an important feature of severe GER (17) . Since reflux is a normal event after eating (19) , abnormally prolonged retention of gastric contents may predispose to increased frequency or duration of GER in symptomatic patients. Failure to generate a postnatal pattern of increasing gastric contraction rate and/or intraluminal pressures similar to the pattern demonstrated in normal dogs in our earlier report (22) may underlie the gastric retention of feedings observed in some infants with GER.
The present study of LES function together with our previous report provide evidence that the pressure gradient from LES to gastric fundus during gastric contractions increases rapidly in normally developing puppies, and that this maturational process appears to proceed initially independently of gastrin. After the second postnatal wk, however, elevated endogenous gastrin levels may contribute to the development of the LES-GF gradient. Thus, there is a postnatal interplay between endogenous gastrin concentration, LES sensitivity to gastrin, and G F sensitivity to gastrin.
